Introduction Somatic inactivation of the TP53 gene in breast tumors is a marker for poor outcome, and breast cancer outcome might also be affected by germ-line variation in the TP53 gene or its regulators. We investigated the effects of the germ-line single nucleotide polymorphisms TP53 R72P (215G>C) and MDM2 SNP309 (-410T>G), and p53 protein expression in breast tumors on survival.
Introduction
Breast cancer outcome may be affected by germ-line variants in genes that play a role in DNA damage control and repair such as TP53 (R72P) and MDM2 (SNP309) [1, 2] . The Mdm2 protein is a negative regulator of the tumor suppressor protein p53 [3] . The R72P (215G>C) polymorphism of the TP53 gene is located in a proline-rich region of p53 suggested to be required for the growth suppression activity of p53 [4] and for its ability to induce apoptosis [5] . The two variant protein forms, R72 (arginine) and 72P (proline), have been shown to differ in their biological functions: the R72 variant is a stronger and faster inducer of apoptosis than the 72P variant [6, 7] . The 72P variant also binds more efficiently to iASPP, an inhibitor of pro-apoptotic function of p53, which may be another reason for the inferiority in apoptosis induction of this variant [8] . The 72P variant has been found to be more efficient in inducing cell-cycle arrest [7] and DNA repair [9] than the R72 variant which may protect tumor from chemotherapy-induced apoptosis.
Previous studies have shown that the R72P polymorphism is not associated with increased breast cancer risk [1, 10, 11] . However, an association of R72P with breast cancer survival has been suggested, though with inconsistent results and possibly only in patients with p53-negative tumors [10] [11] [12] [13] [14] [15] [16] . It has also been suggested that patients with the Pro/Pro genotype are less sensitive to anthracycline-based treatment than those with the Arg/Pro or Arg/Arg genotype [14, 16] , in line with the Pro-allele being more efficient in cell-cycle arrest [7] and DNA repair [9] induction.
A common single nucleotide polymorphism in the MDM2 promoter region, a T to G change at nucleotide 309 in the first intron (-410G>T; named SNP309), has been shown to create an improved Sp1 binding site, leading to increased expression of the Mdm2 protein and thus attenuation of the p53 pathway and accelerated tumor formation in individuals carrying a germ-line p53 mutation [17] [18] [19] . A number of small studies revealed an inconsistent association between SNP309 and breast cancer risk (see overview in [1] , and [20, 21] ). However, we have shown in a large pooled analyses of the Breast Cancer Association Consortium series that there is no general association of SNP309 with breast cancer, nor if stratified by estrogen receptor (ER) [1] .
In two small studies no association between breast cancer survival and MDM2 SNP309 genotype alone was found [13, 22] . However, the results of one of those studies suggested a differential effect of MDM2 SNP309 genotype by tumor p53 status (mutant p53 or aberrant protein expression) on breast cancer survival [22] . Though MDM2 SNP309 has been implicated to affect survival in other tumors (for example, [23] ), as far as we know there are no other publications on breast cancer outcome and this polymorphism, except for a recent publication in BRCA1/2 carriers of Ashkenazi origin [24] . Our aim was to investigate the combined effects of MDM2 SNP309 and TP53 R72P polymorphisms and p53 protein expression on breast cancer survival.
Materials and methods
Clinico-pathologic data and genotyping Breast cancer cases from four European studies within the Breast Cancer Association Consortium were included in this analysis (Table 1) [1, 25] . Patients that were genotyped for MDM2 SNP309 and TP53 R72P from studies with follow-up data were included [1] . Patient selection criteria, participation rates and information on the collection of follow-up and clinical data are shown in Table 1 . P53 protein expression data were available for two of the four studies (Table 1) . Immunohistochemical staining of TMA slides was performed with a mouse monoclonal anti-human p53-antibody (DO-7, DAKO) ( Table  1) . Missing p53 data could be attributed to missing tumor blocks, loss of cores in the slicing or staining process or cores not containing enough tumor material. P53 protein expression scoring and MDM2 SNP309 and TP53 R72P genotyping were performed blinded to the survival status of the patients. Genotyping assays were performed by each group separately [1] (see Table 1 for assay description). Primer (and probe) sequences are available from the authors upon request. Methods and results in this paper are reported following the REMARK recommendations [26] . All studies were approved by the appropriate (Medical) Ethical Research Committees.
Statistical analyses
Univariate analyses of survival were performed by calculating Kaplan-Meier survival curves and comparing subsets of patients using log-rank test. To explore the effects of several variables and their combined effects on survival, multivariate Cox's proportional hazards regression models were used (reported as Hazard Ratio (HR) with 95% confidence interval). Results are reported for one polymorphisms stratified by the other polymorphisms or p53 expression, adjusted for other covariates. Interaction terms were tested by Cox regression models including the main effects (2df each), interaction terms, for example, four interaction terms for both polymorphisms, and other covariates. Covariates included were prognostic factors for breast cancer survival, that is, age, stage, grade and ER and p53 protein expression. In order to run models including all patients, missing value categories were included for each separate variable with missing information. Polymorphisms were included as categorical variables (with the homozygous common allele group as reference), or as a continuous variable in the per-allele analyses. All pooled analyses were adjusted for study, that is, ABCS, HABCS, HEBCS, SEARCH, included as a categorical variable. Breast cancerspecific survival was defined as survival until death from breast cancer, with breast cancer being the underlying cause of death; death due to other causes was censored (these analy-ses included the ABCS and HEBCS studies, see Table 1 ). Overall survival was defined as survival until death of any cause. In all analyses, follow-up time was censored at 10 years. All statistical tests used were two-sided and P values < 0.05 were considered statistically significant. All analyses were performed using SPSS 15.0 (SPSS Inc, Chicago, IL, USA).
Results

Patient characteristics
Breast cancer patients with follow-up and TP53 R72P and MDM2 SNP309 genotypes from three hospital-based and one population-based study within the Breast Cancer Association Consortium were included for analysis (n = 3,749) ( Table 1) . Frequencies of TP53 R72P and MDM2 SNP309 and clinicopathologic characteristics of the breast cancer patients in the four studies are shown in Table 2 . We have described and discussed earlier the small difference in MDM2 (page number not for citation purposes)
SNP309 allele frequencies between European populations [1] while difference in patient characteristics between studies can mostly be attributed to differences in patient selection criteria (Table 1) . Mean follow-up was 7.7 years (SD 4). A small number patients (n = 26) were carriers of the homozygous rare variants for both polymorphisms (Table 3) .
Breast cancer survival by TP53 R72P, MDM2 SNP309 genotype, and p53 tumor status Overall survival of patients did not differ by carriership of either germ-line variant, R72P or SNP309, alone in the pooled analyses (Table 4 ). Tumor p53 status was available for 1109 patients from the ABCS and HEBCS series ( Table 1) . In both series, the patients with p53-positive tumors showed poorer overall survival than the patients with p53-negative tumors (pooled HR 1.5 (1.2-1.9), P = 0.002; Table 4 ).
Differential effect of TP53 R72P on breast cancer survival stratified for p53 tumor status
In the patient group with p53-negative tumors, the actuarial breast cancer-specific survival for the patients carrying the TP53 CC genotype (Pro/Pro) was worse, though not statistically significantly, at 10 years of follow-up as compared to those carrying TP53 GG/GC (Arg/Arg; Arg/Pro) (71% versus 80% P = 0.07; Figure 1 ). The interaction terms between p53 expression and TP53 R72P were not significant in a multivariate Cox regression analysis, but considering the difference seen in the actuarial curves we still considered it useful to perform Cox analyses stratified for p53 expression. Patients with the TP53 CC genotype had worse breast-cancer specific survival (HR adjusted for study, age, stage, grade and ER: 1.79 (1.05 to 3.05, P = 0.03) ( Table 5) . Results for overall survival were in line with those of breast-cancer specific survival, but did not reach statistical significance (P = 0.06, (Table 5 ). There was no evidence for a differential effect of MDM2 SNP309 by p53 tumor status on survival (Table 5) .
Combined effects of TP53 R72P and MDM2 SNP309 on breast cancer survival MDM2 SNP309 showed a differential actuarial overall survival stratified by TP53 R72P in the pooled analyses (n = 3,749), that is, homozygous carriers of the G-allele in MDM2 had worse survival within the group of TP53 GC carriers (GG: 65% versus GT: 72% and TT: 76%, P = 0.006; Figure 2 ). The same trend was visible in the TP53 homozygous CC group (n = 26 GG/CC), but this was not statistically significant. Within the TP53 C-allele carriers combined, MDM2 GG carriers had significantly worse survival compared to TT/TG carriers: 64% versus 75%, P = 0.001. In multivariate analyses (adjusting for study, age, stage, grade and ER) the interaction term for TP53 GC and MDM2 GG was significant (P = 0.028), also if additional interaction terms for TP53 R72P and p53 expression were included (P = 0.027). The multivariate models (adjusting for study, age, stage, grade and ER) stratified for TP53 R72P (analogue to Figure 2) 
Discussion
In the survival analyses including 3,749 breast cancer patients from Finland, The Netherlands, Germany and United Kingdom, we showed combined effects of two germ-line polymorphisms, TP53 R72P, MDM2 SNP309, and p53 tumor expression (by immunohistochemistry). Firstly, we confirmed our earlier observation in Finnish patients [10] that TP53 R72P homozygous carriership predicts a worse survival in patients with p53-negative tumors, also when adjusted for clinical prognostic variables. Thus, in the absence of inactivating p53 mutations in the tumor, the 72P variant form of p53 protein may have a compromising effect on the p53 apoptotic function, leading to reduced survival of the patients. Similarly, a study of 414 Chinese breast cancer patients reported that the 72P homozygous (CC) genotype was associated with both poorer five-year overall survival (five to eight percentile difference, P = 0.04) and poorer disease-free survival among the patients with a wild-type p53 in their tumors (n = 346) [16] . In line with other studies published we did not observe an effect of carriership of R72P alone on survival of patients [12] [13] [14] [15] [16] .
No significant difference in survival by TP53 R72P carriership was observed among the patients with p53-positive tumors, who showed a worse survival overall compared to p53-nega- tive tumors. In the pooled analysis, CC homozygote patients with p53-positive tumors even tended to have a better survival. In the study by Xu et al. in Chinese breast cancer patients [16] , the CC homozygote patients also had non-significant better survival than the GG homozygotes and heterozygotes within the group of patients with p53-mutated tumors.
The finding of CC homozygote (72P) carriers having poorer survival is consistent with the R72 variant of wild-type p53 being a more potent inducer of apoptosis than the wild-type 72P variant. It has been suggested that R72 homozygotes may respond more favorably to radiation or chemotherapy [27] . Response rate after chemo-radiotherapy of advanced squamous cell carcinomas of head and neck and survival was higher in patients with the R72 allele compared to those with the 72P allele [28] . These favorable effects of the R72 allele may, however, be reversed by a somatic p53 mutation on this allele, as has been reported in squamous cell carcinomas of head and neck [29, 30] . In line with this, retention of the R72 allele with loss of the 72P allele in the tumor tissue has been associated with reduced survival in heterozygous breast cancer patients [31] .
Carriership of MDM2 SNP309 alone did not affect survival of patients in our study and two other, smaller studies [13, 22] . However, we found an 11 percentile survival difference for homozygous MDM2 G-allele carriers within the group of TP53 C-allele (72P) carriers. Biologically this seems plausible considering the reduced apoptotic function of the TP53 Pro-variant [6, 7] and the attenuation of the p53 pathway by mdm2, the production of which is increased by the SNP309 G-variant [17] . In addition, the interaction of both polymorphisms remained statistically significant in multivariate models adjusting for clinical prognostic factors.
We did not observe evidence for a combined effect of SNP309 and p53 tumor expression (as shown here by results of SNP309 stratified by p53 status in Table 5 , but obviously p53 did also not have a differential effect on survival stratified by SNP309). This is in contrast to a previous, smaller study (n = 248) in the American population, which suggested that tumor p53 status was associated with breast cancer survival only among patients homozygous for the MDM2 SNP309 Tallele and not among carriers of the variant G-allele [22] . Though our study is one of the largest published studies on combined effects of the germline genetic variation and tumor somatic events, the numbers are still small for looking at such modifying effects on survival.
Many studies have confirmed that mutated p53 is a prognostic factor in breast cancer. The risk of dying of breast cancer for patients with a p53 mutation in their tumor has been estimated to be two to five-fold compared to patients with wild-type p53 tumors [32, 33] . Positive immunostaining for p53 is in general considered to indicate somatic p53 mutation and an impaired p53 pathway, though the correlation with TP53 mutations is incomplete [34, 35] . The accumulation of p53 in the tumors detected by immunohistochemistry was a prognostic marker of poorer survival in both our series with p53 immunohistochemistry data available (the HEBCS and ABCS series). This effect was somewhat stronger in the HEBCS series, which may be explained by the more stringent cut-off used (20% positive tumor cells compared to 10% in the ABCS series).
Conclusions
We have shown here that TP53 R72P may have additional prognostic value especially among patients with p53-negative tumors. However, the effect of p53 on outcome may be influenced by adjuvant systemic therapy (for example, [31, 36] , reviewed in Bertheau [37] ) and larger studies will be needed to address this question. Our study is one of the few that have shown an interaction of germ-line variants, that is, TP53 R72P and MDM2 SNP309, in breast cancer survival. The results, showing a statistically significant interaction of the p53 Provariant and the GG genotype of MDM2 SNP309, are in line with our a priori biologically-supported hypothesis, which is, the role of enhanced DNA repair function of the Pro-variant, combined with increased expression of the Mdm2 protein, and thus overall attenuation of the p53 pathway in the tumor cells. These results suggest that even subtle differences in p53 apoptotic function caused by synergistic polymorphisms may affect patient's survival, possibly by modifying treatment response. Altogether, our findings are in line with biological evidence in literature, and in the future, may have also clinical significance for models of breast cancer prognosis or treatment. However, because this is the first report on the com- Cumulative breast cancer-specific survival (Kaplan Meier) of breast cancer patients with p53 negative tumors stratified by TP53 R72P Cumulative breast cancer-specific survival (Kaplan Meier) of breast cancer patients with p53 negative tumors stratified by TP53 R72P. Survival in the TP53 CC group was worse compared to that in the GC and GG group combined (80% versus 71%, P = 0.07).
(page number not for citation purposes) bined effect of TP53 R72P and MDM2 SNP309 on breast cancer survival and we cannot exclude a chance finding, other studies to confirm this will be necessary. Larger studies will be needed also to investigate the effect of specific treatment modalities on the survival by TP53 R72P and MDM2 SNP309. Models have also been adjusted for study.
